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qe ee Interstellar travel in the Milky Way is commonly thought to be a long and danger- 
mat, Accepted: 27 August 2021 ous enterprise, but are all galaxies so hazardous? I introduce the concept of galactic 


N: Key words: traversability to address this question. Stellar populations are one factor in traversabil- 
O ; Search for extraterrestrial intelligence; ity, with higher stellar densities and velocity dispersions aiding rapid spread across 
CN interstellar travel; galaxies; interstellar a galaxy. The interstellar medium (ISM) is another factor, as gas, dust grains, and 
>! medium cosmic rays (CRs) all pose hazards to starfarers. I review the current understanding of 
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drance to interstellar travel, galactic traversability increases with cosmic time as gas 
ram-augmented interstellar rocket, SETI: fractions and star formation decline. Traversability is a consideration in extragalactic 
' Search for Extraterrestrial Intelligence, surveys for the search for extraterrestrial intelligence (SETI). 
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' Author for correspondence: The possibility of interstellar travel looms large in the Search for Extraterrestrial Intelli- 

; Brian C. Lacki, Email: gence (SETI). The classic assumption has been that extraterrestrial intelligences (ETIs) 
astrobrianlackiCgmiail:com remain on their homeworlds. Then the spatial distribution of technosignatures should 


closely follow the distribution of habitable worlds, and current constraints on their 
prevalence remain weak (2015). Sufficiently easy interstellar 
migration allows for ETIs to spread out from their homeworld to nearby stars, and 
then for this process to repeat at each of the secondary worlds and so on. The first 
intelligence in the Galaxy could then spread to all stars within a time estimated to 
Pe = 100 Mr etr Done d sm and Sus eh al id 
Zackrisson et all, (2015). The lack of obvious evidence for any visitation to our Solar 


System over its entire lifespan is commonly known as the Fermi Paradox (Cirkovié 
bois) 


. Extrapolating even further, it may be possible for ETIs to modify astrophysi- 
cal systems, most spectacularly by capturing their entire energy output as with Dyson 
spheres (Dyson, ioed. These structures can be detected at great 
distances — hundreds of parsecs for “Type II” shrouded stars and tens of megaparsecs 
for “Type III” shrouded galaxies (as in (Kardashed|Lo6ah. Without interstellar travel, 
Type III societies are impossible; with it, they might be a natural end result. Yet 
observation indicates these ETIs are extremely rare (e.g., [Annis, 
bors: [Villarroel, Imaz and Bergstedt, [2016), implying either the capability, motivation, 
or prospective builders themselves are missing. 

One argument against large-scale interstellar migrations is the numerous hazards on 
these long journeys. Internal hazards arise from the difficulty of maintaining a stable 
environment for the entire trip, especially for slow “world ships” carrying large popula- 
tions of organic beings from one star to another with their supporting ecologies 
[1985; Get Doo). Endpoint hazards prevent ETIs from permanently inhabiting a des- 
tination when they arrive, such as nearby exoplanets being uninhabitable or extant 
biospheres preventing migration (Cazzol-Nellenback et all 2019). Finally, external haz- 
ards are astrophysical phenomena that can either damage a craft or harm its population 
during transit (Hoang et al, Bor). Of course, susceptibility to all these hazards will 
depend on many unknown technologies: artificial intelligences, automated interstellar 


scout probes, and biological modification could all allow for easier adaptation to the 
journey or the destination. 
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Broadly speaking, though, internal and endpoint hazards 
are regulated by the local stellar population and external haz- 
ards are regulated by the interstellar medium (ISM). Dense 
stellar populations shorten travel times and bring more 
potential destinations into range (as in [Di Stefano an] Rad 
borg). Dense interstellar material, on the other hand, can 
impede a craft, and cosmic rays (CRs) can harm it or its 
occupants. These factors are measured to some extent in 
the Solar neighborhood (Frisch, Redfield and Slavirl, 
[Crawford par]. But the Solar neighborhood does not reflect 
the general environment of ETIs in the Universe as a whole, 
although it may serve as a guide for our future. More than 
half the Universe’s stars are in red galaxies with a very 
different ISM and little star formation, for example. 

This paper introduces the concept of galactic traversabil- 
ity, the relation between the galactic-scale environment and 
the ease of interstellar travel. It is analogous to galactic habit- 
ability, which relates galactic environments and the propen- 
sity of (complex) life. Galactic habitability has focused on 
the prevalence of heavy elements regulating the number 
of planets, radiation hazards from energetic transients like 
supernovae, and to a lesser extent, hazards related to flybys 


of stars (Clarke 1981; (Gonzalez. Brownlee and Ward, |2001 
Lineweaver, Fenner and Gibso 


2013). These factors do not necessarily promote traversabil- 
ity and habitability in tandem — while high star-formation 
rates are correlated with frequent sterilization events and 
ISM hazards, low metallicity leaves fewer planets for ETIs 
to evolve on but also less dust to impede interstellar 
travel. Galaxies of certain types may be "super-traversable": 
interstellar travel is much easier than in the Milky Way. 
Traversability is a later rate-limiting step for the establish- 
ment of galaxy-wide societies. It may be finally succeeded by 
galactic harnessability, the suitability of a galaxy (and other 
phenomena) to being re-engineered to form a Type III entity. 


Components of galactic traversability 


The environment shapes traversability through a number of 
factors, listed in Table [I] These factors can also affect hab- 
itability in the ways summarized by the table. Factors that 
hinder habitability can aid traversability. 

Which aspects of a galaxy affects traversability, if any, 
depends on the technologies the hypothetical ETIs (or future 
humans) use. We have limited knowledge of the relevant 
economic and engineering trade-offs. As a rough guide, I 
primarily consider three qualitatively different classes of 
interstellar craft: (1) small (S) craft like light sails that have 
little mass, moving at tens of percent of c, like Breakthrough 
Starshot Parki (018): (2) medium (M) craft, with masses 
perhaps in the tons to megaton range and moderate shield- 
ing, powered by nuclear fusion and achieving speeds of a few 
percent of c, like the Orion or Daedulus concepts (Dyson), 
[oss [Crawford [loo and (3) large (L) craft in the form of 
“world ships”, limited to hundreds of kilometers per second 
because of the tremendous energy that must be generated 
and dissipated and with journey times of thousands of years. 
Which hazard affects which type of craft is given in brack- 
ets in the table. A speculative class of hyperrelativistic craft 


Lacki 


(R) with Lorentz factors >> 1 is also included for complete- 
ness, although attaining such speeds is difficult even with 
laser sails or antimatter rockets. I consider small craft to 
have no protection from external hazards and large craft to 
be basically immune to them, as the required shielding mass 
is prohibitively large for the former and minuscule for the 
latter. 


Stellar populations 


The first major prong of traversability is the stellar popula- 
tion of a galaxy. The stellar population limits the number 
and types of destination within a given range. It is thus 
particularly important for setting the scale of internal and 
endpoint hazards, but it can also play some role in the 
journey itself. The stellar population traits that bear on 
traversability include: 


e Space density — The space density n, of stars is directly 
proportional to the expected number of destinations within 
a given range at any time (Di Stefano and Ray 
(Carroll-Nellonback et all . The travel time to the 
nearest potential destination should, all other things being 
equal, likewise also decrease with travel time (t ox ny i 3), 
Patient ETIs can also wait for stars to come near their 
current world to shorten travel time, and the rate of 


these encounters increases with stellar density (T œ ni! 2. 


[Hansen and Zuckermaul 2021]. The space density of stars 
can compound other traversability hazards — a shorter 
flight can mean less exposure to cosmic radiation, for exam- 
ple. Overall regions with high stellar density should be 
more traversable. However, high stellar density might be 
detrimental to habitability for analogous reasons: there are 
more energetic sterilizing events within a given volume 
and stellar encounters potentially could wreak havoc on 


systems (Lineweaver, Fenner and Gibson| 2004: 


on the limited effect of supernovae). 

e Stellar kinematics — All stellar systems are at least partly 
supported against gravity by the random velocities of stars, 
characterized by a velocity dispersion o,.* The random 
motions can aid or hinder stellar travel. First, high o, can 
aid travel by increasing the rate that stars come close to 
an inhabited system (T c cil 7) for patient ETIs that wait 
for stars to come to them. Second, high o, can aid the 
spread of ETI by mixing stellar populations. Landis (1998) 
proposed a percolation model where only systems at the 
“edge” of inhabited space will be in range of uninhabited 
systems, but some of these are permanently uninterested in 
migration (or perhaps are by chance too far from any suit- 
able systems). Large regions of the Galaxy can then end 
up uninhabited, blocked by these “no-go” systems. Stellar 
mixing breaks up these walls, bringing societies inter- 


ested in spreading to the “surface” of the settlement front 
(Wright et al . Third, o, sets a floor on the typical 


“In addition to random velocity dispersion, the stellar populations of 
most galaxies have an ordered rotational component 
[2011]. Over distances much smaller than the system size, rotation will 
result in little relative motion between nearby stars. 


Jiménez-Torres et al. 2013: but see|Gowanlock, Patton and McConne 
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Table 1. Factors going into galactic habitability and traversability 


Quantity Habitability effects 


Traversability effects 


— More nearby sterilization events 


Stellar density 


etary systems 


+ Stellar flybys have weaker effects — fewer dan- 
gerous encounters despite higher flyby rate at 


Stellar velocity dispersion 
fixed distance 


Specific star-formation rate — More sterilization events 


= More frequent stellar flybys that disrupt plan- + 


+ [AII] More destinations within range 


[L] More frequent stellar flybys bringing new 
destinations within range 


+ [L] More frequent stellar flybys bringing new 
destinations within range 


* [All] Percolation barriers dispersed quicker 


—  [L] Larger minimum Av for destination ren- 
dezvous 


+ [L] Faster travel to approaching destinations 


+ [M/L?] More powerful gravitational sling- 
shots 


— [S?/M/R] Greater CR hazard 
+ [S] More bright young stars for light sails 


+ [S] More ISM turbulence opens rarefied cor- 
ridors 


+ [All] More possible planets as destination 
+ [All] More minor bodies at destination to mine 


+ [Al] More potential stopover points in 
bottom-heavy environments 


S?/M/R] Greater CR hazard in top-heavy 
environments 


+ [S] More bright young stars for light sails in 
top-heavy environments 


—  [S/R] Greater gas hazards 
—  [S/R] Higher dust density 


Stellar metallicity + More planets for life to arise on 

Stellar IMF — More sterilization events in top-heavy envi- = 
ronments 

ISM density 


— [S/R] Larger dust grains 
+ [M] More propellant for RAIR 


+ [S/M] More effective magnetic sails (if ion- 
ized) 
ISM metallicity —  [S/R] Greater ISM dust hazard 
+ [S/R] Sputtering destroys smaller dust grains 
Hot ISM phase ayy 5 y y 
+ [S] Ionization allows magnetic sail use 


ISM magnetic field 


ISM radiation field - 


Fewer planets in most extreme environments? = 


— [S] Low mass craft deflected off trajectory 


— [Al] Fewer destination planets in most 
extreme environments? 


R] Drag on highly relativistic craft 


—  [R] Highly relativistic craft damaged by radi- 
ation 


A + indicates an effect that promotes habitability or traversability; — indicates an effect that hinders habitability or traversability. The effects listed in bold 
most influence my judgement on whether a factor is favorable. The broad class of interstellar vehicles affected by each traversability effect is listed in brackets. 


Av between origin and destination. High random velocities 
may inhibit interstellar travel, because the ETIs need to 
slow to a stop at the destination. If 0, ~ 100 km st, for 
example, patient ETIs using chemical propulsion will not 
be able to rendezvous with most destinations. On the other 
hand, ETIs already using high-Av propulsion could save 
propellant by going to systems that are already approach- 
ing at high speed and simply decelerating relative to the 
destination the whole way. 


A speculative fourth effect is that ETIs could use stel- 
lar flybys to perform gravitational slingshots and gain Av 
for free. Significant boosts require very close approaches to 
large, compact masses like stellar remnants, since Av is lim- 
ited to be around the escape velocity at closest approach. 
Ancient neutron stars do in fact have a very high veloc- 
ity dispersion (hundreds of km s !) resulting 


supernovae that birth them (Faucher-Giguére and Kaspi 
2006). ETIs might use them to accelerate craft up to 


~ 1,000 km s^! and cross galactic distances over a few mil- 
lion years, if they can withstand the tides and radiation 
environment a few hundred thousand kilometers from the 
remnant. Neutron stars have a lower space density than 
stars, however — in the Solar neighborhood, the nearest is 
expected to be ^ 10 pc away (Oi — so the ETIs 
need to be able to cross the larger distances first. The grav- 
itational potential of a galaxy limits the c, before stellar 
objects escape: many neutron stars escape their galaxies, 
particularly small ones. 

e Star-formation history — Some astrophysical phenomena 
are associated with young, massive stars, and their abun- 
dance is limited by the star formation history (SFH) 
of the stellar population. These include O and B dwarf 
stars, supergiants, supernovae, bright pulsars, high-mass 
X-ray binaries, and gamma-ray bursts. On the whole 
these phenomena may be considered dangerous to both 
inhabited worlds and interstellar travel because of the 
radiation they produce, particularly cosmic rays (see next 
section). It is possible, however, that these same phe- 
nomena may draw ETIs interested in harnessing their 


power. For example, they might be used to accelerate light 
sails to high speeds (Heller, Hippke and Kervella 
Lingam and Loeb, . The prevalence of these phenom- 


ena relative to old stars is encapsulated by the specific 
star formation rate sSFR = SFR/M,, where SFR is the 
galaxy's star-formation rate and M, is its stellar mass. 
The stellar populations of galaxies with high sSFR have 
more young stars. Some energetic phenomena, like low mass 
X-ray binaries, are present even in older stellar populations. 
e Other properties — Other characteristics of the stellar popu- 
lation may affect traversability. Stellar metallicity regulates 
the number and size of planets around stars, and perhaps 


the number of destinations (although terrestrial planets are 
not as affected as giant planets; . It 
also probably limits the mass in asteroids and other minor 
bodies (Gáspár. Rieke and Ballering, BOLO) that might be 
mined and used to build more craft. The initial mass func- 
tion (IMF) sets the ratio of low mass stars like the Sun to 


high mass stars, and is usually similar to the local Milky 
Way’s Beda Ca de . Locations with 
top-heavy IMFs, which may include the inner parsec of our 
Galaxy mein , have an overabundance of massive 
stars and all their associated phenomena. Bottom-heavy 
IMFs seem to exist within the inner regions of massive 
elliptical galaxies [Smith 2020), with more red dwarfs and 
possibly substellar brown dwarfs and sub-brown dwarfs 
that do not contribute much to the galaxy’s luminosity. 
Although habitable planets may be scarce around these 


objects, they may be convenient stopover points to restock 
and refuel, or have resources for building new structures. 


The interstellar medium 


The ISM fills the space a starship must travel through, and 
has largely been viewed as an external hazard to interstel- 
lar travel. Small, fast vessels like laser sails are much more 
vulnerable to these hazards than massive “world ships", 
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although cosmic rays are sufficiently penetrating to be a 
hazard to smaller crewed vessels without heavy shielding. 

A dynamic and complex medium, the ISM has many 
components that can bear on traversability: 


e Gas — The great majority of the ISM's mass is in the form 


of gas.P Gas impacting a craft could harm it, with the 
hazards growing with speed. Gas heats a craft; beyond a 
certain speed, it may cause important structures to melt 
and damage the surface materials (Hoang et al., [2011). 
At relativistic speeds, ISM particles are essentially high 
energy cosmic rays in the craft frame, inducing radia- 


tion damage (Semyonov [2009). The resulting ionization 
may result in a charge gain, to the detriment of small 
craft (oare and Leed born). Potentially, it could also 
induce drag, although gas probably does not couple effi- 
ciently with thin light sails and the drag is too weak to 
slow large “world ships” (Hoang, (2017). Gas could also 
be an opportunity for ETIs, however, as material to be 
harvested for use in propulsion (Bussard, [1960). 'The most 
plausible concept in the local ISM is the ram-augmented 


interstellar rocket (R AIR), which uses the ISM for propel- 
lant . Ionized gas might also be used as 


a ^wind" to brake small craft with a magnetic or electric 
sail (Zubrin and Andrews, [1991 [Perakis and Hei 2019) 
Finally, a dense, highly pressurized ISM can crush the stel- 
lar wind astrospheres around stars, while the astrospheres 


should be larger in galaxies with rarefied ISMs. This could 
affect some magnetic or electric sail designs. 


e Dust — Dust grains represent <1% of the ISM mass 


(Draine et all, , but they could be a major hazard to 


interstellar travel. Each dust grain is effectively a hyperve- 
locity micrometeoroid. When they hit, the kinetic energy is 
concentrated in one spot, carving out small craters in the 
ship surface and causing erosion (Hoang et all, 2017). At 
relativistic speeds, dust grains act like clusters of cosmic 
rays, and their impacts trigger enormous particle cascades. 

The prevalence of dust varies between and within galax- 
ies. Dust grains require the presence of heavy elements, 


and dust is more prevalent in high metallicity galaxies 
(Rémy-Ruyer et al. 2014). Generally, the density of dust is 
expected to track the gas density (Boulanger et al. : 


On small scales (a few parsecs or less), though, the dust/gas 
ratio has been observed to fluctuate without correlation to 


the gas density itself (Hopkins and Led, 2010). Hot ionized 
plasma sputters away small dust grains over millions of 
years, reducing their threat [Draind [2011], although very 
big dust grains could survive. 

Finally, the size distribution of dust grains affects the 
nature of the threat. Small grains provide a steady back- 
ground of tiny impacts, whereas rarer large grains concen- 
trate their energy into potentially catastrophic impacts. 
Within the Milky Way, more mass is contained in the 
larger grains, up to a size of — 0.2 jum, but few grains 
are Z 1 um wide (Draind, 2011). Empirical and theoretical 
modeling modeling suggests the size distribution of grains 
varies, with smaller grains more prevalent between older 
stellar populations and the larger sub-micron grains more 


>Here, taken to include ionized gas (plasma). 


Galactic Traversability 


prevalent in dense ISM (e. e.,[Cardelli, Clayton and Mathis, 
ford [Asano et all 2013). A worrying prospect is that there 
is an undetectable “tail” in the size distribution of much 
larger dust grains that does not contribute to interstellar 
extinction or infrared emission, our main ways of con- 


straining dust (Hoang et al. : measurements by space 


probes demonstrate micron-size grains exist and radar and 
optical searches for still larger grains have been carried out 
e Cosmic rays — CRs are energetic particles, mostly pro- 
tons and helium nuclei, that pervade the entire ISM. 
The bulk of the cosmic ray energy density is in protons 


with kinetic energies of order a few GeV. There may also 
be regions of the ISM with significant MeV components 
to the cosmic ray flux, although these would be local- 
ized (Indriolo, Fields and McCall, pond Cummings et al 
[2016). CRs are dangerous, especially to organic beings, 
because of the ionizing damage they inflict 
[2009). They may also damage electronic equipment. Low 
energy CRs lose their energy quickly in matter by ionizing 
surrounding atoms, essentially searing the skin of the craft. 
Higher energy CRs penetrate deeper, generating secondary 
particles like muons, electrons, positrons, and gamma-rays 
as they go (TET [1992). In the Solar neighborhood, 
the equivalent of several meters of water are necessary to 
reduce the ionizing flux from GeV CRs to tolerable levels 
for humans. Alternatively, the inhabitants and mechanisms 
of an interstellar craft must be able to self-heal from or tol- 
erate this radiation damage. They may be a minor issue 
for thin light sails, which are mostly transparent to these 
particles (at the cost of being more vulnerable to gas and 
dust damage, as in[Hoeng et apor, and vast world ships 
where the surface shielding is a small fraction of the mass 
compared to the large inner volume. 

e Magnetic fields - Magnetic fields thread the gases between 
the stars. Their traversability effects mainly apply to 
lightweight fast vehicles like laser sails, which become 
charged as they pass through the ISM. Lorentz forces 
may deflect a Starshot-like sail off course by about 
0.1 AU pc? in the Solar neighborhood and cause it to wob- 
ble (Hoang and Loeb, bora. Very large deflections could 
make it difficult to deliver a probe or inscribed message 
into the habitable zone of fainter stars without onboard 
guidance. Galactic magnetic fields can include an ordered 
field with large-scale patterns and a fluctuating turbu- 
lent field that varies with space and time. Magnetic fields 
can be constrained on large scales through radio polariza- 
tion and Faraday rotation mapping (es. Bed Borg). but 
measuring the time-variable field along a particular route 
may require either regular traversals or setting up a radio 
beacon at each terminus to provide for Faraday rotation 
measurements. 

e Interstellar radiation fields — The interstellar radia- 
tion field (ISRF) is dominated by near-infrared, opti- 
cal, and ultraviolet light from the entire stellar popula- 
tion; mid- and far-infrared emission from dust in star- 
forming regions; and the cosmic microwave background 


(e.g., Draing, |2011). Both the density and energy of pho- 
tons encountered by a vessel increases with speed due 


to relativistic effects, and highly relativistic craft may be 
subject to ionization damage, radiative drag, and even 


nuclear reactions (Hoang, Lazarian and Schlickeiser|, 2015; 


Yurtsever and Wilkinson| 2018). However, these effects will 


generally only be a problem at extreme Lorentz factors 
(y 2 10) well beyond those generally expected for inter- 
stellar craft. Otherwise, the effects are minimal because 
the ISRF is very dilute: of order 1077 of the energy density 
of sunlight at Earth through most of the Milky Way. In the 
most extreme starbursts, the ISRF could reach as much 
as ~ 196 of solar insolation on Earth, but virtually all of 
it is far-infrared emission which becomes ionizing only at 
y 2 100. Likewise, a spherical craft heats to temperatures 
Z; 1,000 K only if y Z 100 even in extreme starbursts.^ A 
more indirect effect might be the inability of extreme star- 
burst environments to form planets to go to (Thompson, 
[2013), although pre-existing planets would be unaffected. 
It is unclear how the changes to planet formation affect the 
prevalence of minor bodies. 


A broad view of galactic traversability 


The global properties of galaxies, their stellar populations, 
and their ISM interplay with each other and with the sur- 
rounding intergalactic medium. A picture of how galaxies 
evolve has emerged over the past couple of decades, and with 
it, we can gain an overview of galactic traversability through 
the Universe. 


Red and blue: Galaxy evolution and trends in traversability 


Most galaxies fall into two broad categories, the blue star- 
forming galaxies (SFGs) and the red quiescent galaxies 
2001). At z~ 0, the quiescent galaxies 
include most elliptical and lenticular (S0) galaxies and are 
biased towards dense galaxy clusters, while SFGs include 
most late-type spiral and irregular galaxies and are typically 
found in the field {Skiba et all Pod) These groups dif- 
fer fundamentally in their sSFR. The sSFR of blue galaxies 
with a given stellar mass M, are similar at any given cosmic 
epoch "mre [2004], evoking a SFR-M, rela- 
tion sometimes called the “main sequence" (Noeske et al], 
[Renzini and Peng, [2015).4 This characteristic sSFR 
has been decreasing for the past ~ 10 Gyr (Noeske et al], 
[xoc et all Bord. Quiescent galaxies, by contrast, 
have a very small sSFR and have formed few stars over the 
past gigayears. Thus, SFGs have a mixture of young and 


old stars, while quiescents predominantly have old, lower 
mass stars. Between the red and blue galaxies lie a transi- 


tional group of “green valley” galaxies, which the Milky Way 
is entering (Licauía. Newman and Brinchmana 2013), while 
starburst galaxies have abnormally high sSFR for their epoch 
Ebaz et al] Dori). A small fraction of galaxies at any given 
time have active galactic nuclei, with the central black holes 
emitting prodigious electromagnetic and particle radiation. 


"For craft with v/c z& 1, average received photon energy c y and 
average craft-frame ISRF energy density « 7. 
4Not related to the (epoch-independent) main sequence of stars. 


The dichotomy in sSFR, and its cosmic history, arises 
from the evolution of the gas supply in galaxies, a major 
factor in traversability. Star formation requires the pres- 
ence of sufficient amounts of cold (generally molecular) gas 


that can collapse, with_a larger star-formation density in 
regions of dense gas (Kennicutt, . Galaxies are fed 


gas from the surrounding intergalactic medium, and con- 
vert some of that gas into stars at an equilibrium rate set 
by feedback from the young stars, while some is ejected in 
a wind (Bouché ex al] Bou. SFGs notionally climb up the 
main sequence, from dwarf to giant, but the main sequence 
as a whole has falling sSFR with time, and blue galaxies 
had much higher gas fractions (fgas = Mgas/(Meas + Mx 
and star-formation rates in the early Universe 
[Tacconi et al], [2018). A large main sequence SFG with 
M, ~ 101! Mo in the present day can be expected to have 
a gas mass Maa, ~ 10'° Mo and SFR $ 10 Mo yr^!, but 
a similarly sized galaxy ten billion years ago would have 
had Mg; ~ 10!! Mọ and SFR > 100 Mo yr-! (Daddi et al], 
Fracconi et all P013). As both the star-formation rate 
and the gas fraction fall with time, the interstellar media 
of SFGs are becoming more traversable. The generations of 
massive stars born and dying during this growth results in 
metals accumulating in the ISM, and high-M, galaxies have 
higher metallicity even if they formed all their stars rapidly in 
the early Universe {Mannucei et all 010). A higher metallic- 
ity leads to more planets, but also more dust in ISM, favoring 
habitability at the expense of SFG traversability. 

Growth in the main sequence mode does not continue for- 
ever, but is halted when the SFG runs out of gas. This can 
be a sudden process, triggered by a galaxy merger funnel- 
ing gas into the core to be consumed in a brief spectacular 
starburst, but more often is the result of a slower exhaustion 
or “strangulation” of the external gas supply that results in 


The building of a bulge may also be a factor in this quench- 
ing process: many green valley galaxies are early-type spirals 
and many quiescents appear to have stellar disks within 
them fee al Bors. Within a couple billion years, 
the quenched former SFGs are red and quiescent. They are 
broadly expected to have little gas — and thus be favorable 
in terms of traversability. However, they can retain a residue 
of gas from their past lives as SFGs, accrete it from passing 
smaller galaxies with their tides, and replenish it as old stars 


eject their envelopes, so their ISMs are not entirely empty 
(Davis et al] [20115 [Young et all, 2014). 


Star-forming galaxies: A cold, shifting labyrinth 


The “space climate” of SFGs is shaped by the chaotic and 
violent interplay between gas and star formation. The space 
weather within them is thus very chaotic, inhomogeneous 
and constantly changing. On a large scale, the ISM is com- 
plicated by its “multiphase” nature, where each phase has 
a different temperature and pressure. They all have roughly 
the same pressure, so hot gas is less dense (Draine, 2011). 
Classically, there are three phases to the ISM, although this 
is a great simplification (Cod [2005]. The cool/cold phase 
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(~ 10-100 K) has dense neutral (HI) and molecular (H2) 
gas, the warm phase (~ 10,000 K) of neutral (HI) and ionized 
(HII) gas, and a third hot phase (~ 109 K) is carved out by 
supernovae and young stellar clusters. In the Milky Way, the 
hot phase fills about half the volume, a patchwork of inter- 
stellar space covering much of the Galactic disk where gas 
and dust pose little obstacle to starfarers. Most of the remain- 
ing volume is filled with warm gas, and only small clouds and 
filaments with dense cold gas.? The different phases of gas 
also have different height distributions, with cold gas concen- 
trated close to the Galactic plane, while warm ionized gas 
rises several hundred parsecs above the plane, punctured b 
chimneys of hot gas over star clusters 
remi boos. The standard three phase structure is 
expected to apply to most contemporary spiral galaxies, but 
it is not universal. Intensely star-forming galaxies, which 
includes both starbursts in galactic cores and most large 
SFGs in the early Universe, are dominated by vast amounts 
of cold gas (Daddiet all ROIG [Tacconi tall RoS. A 
high-volume phase of hot ISM may also exist in weaker star- 
bursts, excavated by the high rate density of supernovae, 
but this is not agreed upon {Strickland and Heckman Pood 
[Krumbolz et al] 2020. 

These phases are not simple clouds or smooth media. 
Turbulence is found in at least the cold and warm 
phases of SFGs, with Ogas ~ 10 km s ! in contemporary 
main sequence SFGs and up to ~ 100 kms ! in star- 
bursts and high-redshift SFGs og [Downes apd Solomoni 
rer: MESS 
bulence creates random density fluctuations at a variety 
of length scales, the largest at the outer scale fouter ~ 
0.1-1 kpe (e.g. [Draind, Tor). The amplitude of these 
fluctuations grows according to the Mach number of the 
turbulence (ratio of Ogas to gas sound speed), surpassing 
the mean density when the turbulence becomes supersonic. 
In ISM with supersonic turbulence, most of the matter 
is concentrated into dense transient clumps while most 
of the volume is rarefied, with ~ 10% at any given time 
having Peas > (Peas) (Padoan. Nordlund and Jones 
Ostriker, Stone and Gammid, 
fluctuations evolve rapidly, growing and dissipating within 
one flow crossing time Louter Sens Stane. Ostriker and Gammid 
Mac Low [1999). resulting in constantly shifting space 
weather in ISM with supersonic turbulence. The Mach num- 
ber of the turbulence is much higher in cold gas due to the 
lower sound speed, and thus the cold, denser gas has large 
density contrasts, with most of the mass concentrated into 
transient clumps, with the densest forming molecular clouds. 
Thus, even in starbursts with a mean ISM density hundreds 
of times higher than the Milky Way’s, at any given location 
the gas and dust density may be relatively low. Yet although 
these relatively traversable conditions are the median, they 
are interrupted by intervals where traversability is low. Thus 
a map of the traversability of a SFG would constantly shift 
over millions of years. 


"The Solar neighborhood contains examples of both the hot and 
warm ISM: the Local Bubble and local interstellar clouds, respectively 


(Frisch, Redfield and Slavi 2011). 
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If gas and dust truly are major impediments to interstellar 
travel, SFGs are essentially mazes where travel can occur 
freely along some paths (particularly in the hot ISM) but are 
walled off by dense matter along other paths. The free paths 
are not necessarily connected, which can lead to a mosaic 
of disconnected regions in a galaxy, between which travel is 
impractical. This labyrinthine patchwork does suggest that 
percolation barriers to interstellar migration could apply on 
short enough timescales. Ultimately, however, the dynamic 
nature of the ISM thwarts these blockages on long enough 
timescales: the walls of the labyrinth are constantly moving, 
opening up new paths and connecting some regions even as 
they close off and split others. 

The same cannot be said if the main hazard is cosmic rays. 
Plasma waves in the ISM trap CRs and prevent them from 
simply flying out of a galaxy. While GeV CRs are thought 
to be mainly accelerated in supernova remnants and bubbles 
surrounding young star clusters, they diffuse many hundreds 
of parsecs from these sites, when they are not destroyed by 
interactions with the ISM Ricca . Nor are 
they confined to the galactic plane: isotopic evidence in the 
Milky Way implies they can wander up and down by at 
least a kiloparsec off the plane until they start to escape 
(Lkasiak et al 1998). As 
such, the bulk CR density is not expected to vary too 
much within the stellar disks of most SFGs, although in the 
Milky Way it slightly decreases with distance from the center 
{Acero et ail poi). 'There is no escape from the CR hazard 
unless one moves far into the galactic halo, potentially hin- 
dering travel between most of the stars in a SFG. The mean 
background level of CRs between SFGs varies dramatically, 
however. Gamma-ray and radio observations indicate that 
the CR energy density increases rapidly with star forma- 
tion rate: it is significantly lower in dwarf irregular galaxies 
(Abdo et al], mam) but hundreds of times higher in star- 
burst regions and probably large SFGs at high redshift (e.g., 
| 

Magnetic fields are generally observed to have a nearly 
equal energy density as cosmic rays in local star-forming 
spiral galaxies, although the fields likely become dominant 
in the most intense starburst regions (e.g. Thompson et all, 


Yoast-Hull. Gallagher and Zweibel, . Their ubiq- 
uitous presence is attested by the radio synchrotron emission 
observed from SFGs throughout the Universe, and they may 
be maintained by a dynamo driven by ISM turbulence even 
in the early Universe {Arshakian et ail bood. 

Of course, these conclusions depend on how much of a hin- 
drance each part of the ISM is. It is possible that ETIs use 
RAIR propulsion and favor cold, dense ISM to acquire pro- 
pellant — then SFGs may instead have fleeting “islands” of 
E'TI travel separated by empty gulfs instead of a maze. Star- 
bursts and high-redshift SFGs may then actually be favored 
for interstellar travel because of their dense gas reservoirs, if 
ETIs can cope with the extreme levels of CRs in them. Or 
the reality may be more nuanced, with a mosaic of different 
interstellar travel methods, each adapted to presiding local 
conditions. 


Quiescent galaxies: Placid until they're not 


The space climate of quiescent galaxies is very different. 
While SFGs are filled with stormy and chaotic ^weather", the 
“atmosphere” of these galaxies is generally thinner and more 
placid. In some galaxies this seeming quiet can be disturbed 
by the wildness of star formation — or long galaxy-wide 
disasters when the central black hole turns on. 

Like SFGs, quiescent galaxies come in a vast ranges of 
mass and size, from ultrafaint dwarf spheroidal galaxies to 
supergiant ellipticals in the hearts of galaxy clusters. Gen- 
erally, the larger the galaxy, the larger the stellar velocity 


dispersion: in dwarf spheroidals, o, can be as small as 
]kms^! (Simon, 2019): in the hearts of the largest ellipti- 
cals, over 300 km s^! (Cappellari et al. [2013 Rial 
2014). Moderate to large ETGs, which contain more stellar 
mass, have been discovered to fall into two broad categories, 


the fast rotators and the slow rotators (Emsellem et al. 
Cappellari, . Fast rotators, which include the lenticu- 


lars and the majority of ellipticals, have stellar disks like 
their progenitors, the spirals, although their bulge compo- 
nents are usually dominant ZE Slow 
rotators are a diverse class, with some being disks or con- 
taining two counterrotating populations. The largest slow 
rotators are giant elliptical galaxies with rounder “boxy” 
shapes Komedy and Badd [1996), and thus I will refer 
to them as boxy ETGs. The dichotomy extends to many 
galaxy properties and appears to 
have a profound effect on the ISM. 

The classical expectation of quiescent galaxy ISMs is that 
they do not have any, but observations have shown that this 
is not universally true. A significant fraction of ETGs (par- 
ticularly fast rotators outside of galaxy clusters) have cool 
atomic and molecular gas. Estimates of the ETG fraction 
with HI range from 10% to_70% depending on environment 
and the sensitivity to gas (Morganti et al], |2006; 
2012), and ~ 20% have molecular gas (Young et al! : 
In some cases, the amount of cool gas can reach levels 
comparable to the Milky Way, but in most cases the gas 
mass is much lower (~ 109—10? M). Dust is also commonly 
present in ETGs, if usually at much lower abundances than in 
normal star-forming spirals (Goudfrooij and de Jong 
[Ferrari et al] [1999). (2012) detect dust in 6296 
of lenticular galaxies and 2496 of ellipticals. In those galaxies 
with detections, the mass ratio of dust to stars is ~ 10-4, 
compared to ~ 1073 in the Milky Way (Smith et all, (2012). 
The dust is often concentrated in a small disk around the 
galactic nucleus or in filaments, so ETIs may simply be able 
to dodge what dust is present (Tran et all, 2001). This is 
not always the case, however (Goudfrooij and de Jong 
2007). 

Cool gas is fuel for star formation, suggesting a CR 
threat. Star formation is indeed observed, usually in 
fast rotator galaxies, as is the radio synchrotron associ- 


ated with CRs : [Young et al] 
Kokusho et all, 2017). According to 
Shapiro et al. ), the star-formation appears to have 
two “modes”, either spread throughout the galaxy or con- 
centrated near the core. The former only occurs after the 
ETG receives a windfall of cool gas from an encounter. 


Shapiro et_al| (2010) speculates that nuclear star formation 


occurs in occasional spurts within all fast rotators, supplied 
by gas from the old stellar population. Either way, how- 
ever, star formation is a brief episode in a largely quiescent 
history, limiting the CR threat temporally. Nuclear star for- 
mation also likely results in a CR threat only in the inner 
regions of the host galaxy. Because there usually is less cool 
gas than in proper SFGs, the star-formation rate should also 
be lower. There is also evidence that the star-formation effi- 
ciency — the rate at which gas is converted into stars — is 
lower in elliptical galaxies, which would suppress the SFR in 


these galaxies even further 
disputes this, however). Finally, 
the radio-faintness of ETGs with star formation could sug- 
gest that CRs escape easily in these galaxies {Nvland et al] 
bora. All of these factors would limit the CR energy density 
in intensity, space, and time. 

Quiescent galaxies also have hot gas supplied by dying 
old stars. This gas gets stirred up by the stellar pop- 
ulation, thermalizing it to 106-107 K where the sound 
speed is roughly the stellar velocity dispersion and fur- 
ther heated by the Type Ia supernovae of old white dwarfs 
(2003). The fate 
of this gas depends on the depth of the galaxy’s gravitational 
potential. In the majority of ETGs, the hot gas is heated 
until it escapes, as borne out by a lack of X-ray emission 
(Mulchaey and Jeltemal P910. Garzi et all 2013). The most 
massive ETGs (including the boxy ETGs) hold onto their hot 
gas, which builds over time. Because the hot gas is glowing so 
brightly X-rays, it is losing energy, cooling down, and sinking 
towards the galactic center. Some of this gas may form stars, 


but the real trouble is that it provides a fuel source for the 
central black hole, which in turns powers relativistic jets seen 


in radio. Indeed, all massive ETGs appear to be radio galax- 
ies on some level (Brown et al, bodies bola). 
though most of the time the activity appears to be con- 
fined to a small core [2016). 
From time to time, high accretion onto the central black hole 
fuels extraordinary episodes of activity in which jets blast 
their way through the galaxy and inflate lobes of CRs. The 


CR lobes can fill much of the galaxy's volume with dan- 
gerous levels of radiation, which can be ten to hundreds 


of times the Galactic background (McNamara and Nulsenl, 
Boos ROTA lde Gasperin et all 2013 [Pfrommen 2013). Mag 
netic field strengths of tens of microgauss are estimated in 
these regions (de Gasparin ct all bord) Thus these larger 
ETGs may have long time periods where interstellar travel 
is relatively safe from CRs punctuated by catastrophes last- 
ing tens of millions of years wherein radio jets and lobes make 
interstellar space extremely hazardous. 

Another potential source of CRs in quiescent galaxies are 
the Type Ia supernovae in old stellar populations (as in 
I TEL [2013), but it is not clear how many CRs 
these accelerate or how the radiation propagates. Likewise, 
magnetic fields in the quiescent ISM are very poorly con- 


strained, although they probably are weaker than in the 
Milky Way 2021). 
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Role of size evolution of galaxies 


Galaxies grew from the inside-out, with the denser cores 
forming at high redshift lee (Nelson etal (2016). This sec- 
ular growth is supplemented by galaxy mergers. Today’s 
galaxies were more compact in the distant past, which partly 
offsets the lower stellar mass when considering p, and the 
typical duration of interstellar journeys. This size evolution 
is not solely due to galaxies with less stellar mass being 
smaller: in fact, galaxies of any fixed stellar mass were more 
compact in the early Universe. At z ~ 2, SFGs were about 
half as wide as present galaxies of the same mass, implying 
four times the stellar surface density (Trujillo et al] 
van der Wel et al], . Note that at fixed M,, we select 
different galaxies at different cosmic epochs. When following 
an individual SFG, p, increases over time in all regions of the 
galaxy (van Dokkum et al! [2013). Still, the typical inhabited 
planet of the early Universe could very well have been located 
in a relatively compact and massive galaxy, simply because 
the sparser low-M, galaxies had not formed many stars yet. 

Despite the smaller radii, the median population-weighted 
p. probably was not much greater than at present. SFGs 
in the early Universe had higher levels of turbulence, which 
puffs out their gaseous disk and the stars formed from them 
(e. Genzel et al] 2008). estimates 
the typical ogas of SFGs was ~ 50 km s7! at z ~ 2.3, whereas 
it is now ~ 10 km s! f As the disk thickness-to-radius ratio 
varies proportionally to c545, the more compact radial scales 
at high redshift were offset by greater vertical scales, with a 
relatively weak net effect on traversability. 

Although quiescent galaxies were comparatively rare in 
the early Universe, they were even more compact, about one- 
quarter the radius of present-day quiescent galaxies with the 
same M, (Trujillo et al] D006. wan der Wel et al] 2014) 
These “red nuggets” had M, of ~ 1019—10!! Mọ concen- 
trated into a disk of scale radius ~ 1 kpc, with p, hundreds 
of times that found in the Milky Way eom 
[2008). Most of these galaxies have seemingly disappeared. 
Nonetheless, environments of similar p, — and presumably 
traversability — are found in the inner kiloparsecs of today's 
massive early-type galaxies, suggesting that some of them 


are red nuggets that accreted stars during galaxy mergers 
(Bezanson et al., i 


Role of intergalactic environment 


Galaxies are not isolated, but are grouped hierarchically. In 
particular, dwarf galaxies are frequently satellites of large 
galaxies, and even large galaxies are subhalos when they are 
located in galaxy clusters. The parent system usually has 
an associated gaseous medium itself, resulting in drag on the 
smaller system’s ISM as it moves with high speed through the 
surrounding gas. Tidal forces can also dislodge ISM and stars 
from the smaller galaxy. These effects deprive the galaxies of 


fThe stellar velocity dispersions are significantly higher, ~ 50 km s^! 


in the Milky Way. Older stars in the Galaxy have higher velocity disper- 
sions. This partly could be due to a “heating” mechanism that increases 
o, over time, but the higher initial turbulence in the disk when these 


stars formed is another probable cause (Lehnert et al. 
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Table 2. Traversability of examples of stellar system 


Type Stellar population ISM Ref 
M, T1/2 Px om SFH Phases Pgas Dust/gas CRs 
Mo  kpc Mopc ^? kms-! my cm-? 
Solar neighborhood figo 3 0.05 50 Mix All 109 M M 1 
Hot <10? LM M 
Warm ~ 100:5 M M 
Cold > 101 M M 
Dwarf irregular 108 0.5 I= 25 Young/Mix All 10° L L 2 
Spiral 1010 25 10-1 50 Mix All 10° M M 3 
Nuclear starburst 2108 0.2 = 10° 50 Young Cold ze gem M VH 4 
Small high-z (LAE) * 10° 1 dope 50 Young/Mix All? 10° L M/H? 5 
Large high-z (ULIRG)* 1011 5 iQ 22 100 Mix Cold 10° M H 6 
Dwarf spheroidal (field) 107 0.5 iO 20 Old Cold 10-8 L Ø 2 
(halo) D Ø D g? 
Compact elliptical iu» 2 quu igre 50 d g? Ø g D T 
Fast rotator (gas-rich) 1010 3 iiy 125 Cold Tisi M 8, 9 
(gas-poor) (Hot) g Ø g 
Boxy ETGs 10115 — 10 10-? 225 Old Hot 1072-5 L L?/H 9,10 
Red nugget* ioe 1 gree 300 Old Hot i-e L L?/H? 11 
Globular cluster 105 0.003 10+? 5 Old Warm 10-1 L? Ø? 7 
Galaxy cluster (ICL/ICM) 1011-5 200 10-6 1000 Old Very hot 10-3 Ø L 12 


All values are only order of magnitude estimates. Qualitative ratings are given relative to mean Solar neighborhood values, which is given a medium (M) 
rating. Other abbreviations: Ø= none known; L = low; H = high; VH = very high. When densities were not found in the literature, they were calculated 
from stellar or gas mass and radius. For exponential disks (in SFGs, dwarf spheroidals, and red nuggets) with radial scale length R and scale height h, the 
mass-weighted mean density is M/(327R?h?). | used h = R/10 for the spiral galaxy, and R/4 for the others. For spheroids (compact ellipticals, fast 
rotators, boxy ETGs, globular clusters, galaxy clusters), | estimated based on the[Dehnenl (1993) profile, in which the density at the half-mass radius R is 


~ 0.3M/ (4n R?). 

*: Found mainly in early Universe. 
References — (1 H 

; 
2012); (9) 


their ISM, shutting down star formation, and rendering them 
super-traversable. 


Which galaxies are traversable? 


There is a menagerie of different kinds of galaxies, and in 
this section I discuss the traversability trends that can be 
expected between them. Table [2]summarizes the presence of 
various components of galactic traversability, according to 
galaxy types. The given quantities should be understood as 
just examples: even within each type of system listed (par- 
ticularly dwarf galaxies), basic quantities like stellar mass 
can vary by orders of magnitude. In addition, many of the 
quantities can vary by orders of magnitude within galaxies. 
The listed densities should be regarded as a loose mass- 
weighted average or median values, roughly the density in 
the neighborhood of a typical star. 

Dwarf irregular galaxies — the low mass end of the SFG 
“main sequence” at z = 0, with the Small Magellanic Cloud 
being among the largest. They are smaller than spiral 
galaxies with higher gas fractions Mgas/M,, so neither the 
stellar population nor the ISM are necessarily much less 


dense than the Solar neighborhood. Dwarf irregulars have 
either constant SFRs or have recently restarted star for- 
mation, after an initial episode in the very distant past 
[2014). These low mass galaxies have shal- 
low gravitational potentials and lower o,, with an escape 
velocity low enough that virtually all neutron stars escape 
the galaxy. As metal-poor galaxies, they have low dust- 
to-gas ratios: about one-tenth the Milky Way value for 
Magellanic-like irregulars to one-thousandth for the small- 
est galaxies, albeit with significant individual variations 
(Lisenfeld and Ferrara 1998 Réms-Ruver et all 2014). CRs 
are present, but at lower levels than in the Milky Way, 
and they probably escape more easily (Murphy et al, 

| 
These galaxies contain relatively weak microgauss magnetic 
fields {Rovchowdhury and Changatual DOW). Because of the 
lower abundance of dust and CRs, these galaxies may be 
somewhat favorable for traversability overall, although the 
stellar population may be somewhat unfavorable. 


Spiral galaxies — the medium to large “main sequence” 
SFGs of z = 0. Technically, the Milky Way does not lie on 
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the main sequence, having a somewhat low sSFR and red- 
der color (Lioauia, Newman and Brinchmanrh 2015), but the 
Milky Way’s properties are of the same order-of-magnitude. 
Moderately higher f;4, are common in smaller (generally 
late-type) spirals (Santini et al], [2014 Tacconi et al] 2018). 
Dust-to-gas ratios are near the Galactic value (Draine et al] 
2007), although generally increasing with stellar mass 
(Rémy-Ruyer et al], [2014). Gamma-ray observations suggest 
that the CR background is less intense in M33, a small late- 
type spiral, than in the Milky Way (e.g., [Ackermann etall 
Aih. Magnetic fields in spiral disks include both a large- 
scale organized component and a turbulent field, both having 
strengths of a few microgauss, up to about twenty microgauss 
in parts of some galactic disks (Bec [2015). 

Nuclear starbursts — violent star-formation events in the 
cores of SFGs, fueled by a very high concentration of gas. 
With extremely high gas densities, high ISM metallicity, and 
extraordinary levels of CRs, they are likely extremely unfa- 
vorable for traversability. The extreme CR levels would pose 
severe problems for all space travel, even close to a home 
planet. ISM magnetic fields of several hundred microgauss 
are common, up to several milligauss strength in some cases 
(McBride et al., [Yosst-Hull. Gallagher and Zweibel 
2016). This can lead to deflections of Breakthrough Starshot- 
like laser sails of 10-100 AU pc^?, a problem compounded 
by the evolving turbulent fluctuations in the field. The 
ISRFs are hundreds of times more intense than in the 
Solar neighborhood or more, with energy densities com- 
parable to the solar insolation at Jupiter in the most 
extreme cases (e.g., |Lacki, Thompson and Quataert 
bn. 'The gas and dust threat may be reduced 
if channels of hot gas exist, but even then the mean densit 
is expected to be ~ 1 mg cm? 
2007). If the ISM can be shielded against, however, these 
regions can have p, an order of magnitude or more than the 
Solar Neighborhood, which would favor traversability after 
all. Similar p, are found in the cores of modern quiescent 
galaxies, however, which are both more numerous and less 
hostile to life. 

High-z SFGs — SFGs in the early Universe, when gas 
fractions and star formation rates were much higher. Typ- 
ical p, were probably of the same order as found in present 
SFGs, though with higher o,. The small high-z SFG repre- 
sents the ancestor of a Milky Way-like galaxy at z ~ 2-3, 


and includes typical Lyman a emitters (LAEs) at this cos- 
mic epoch [2010). The mean SFR of LAEs 
was a few times that of the present Galaxy, but it was 
concentrated in the inner kiloparsec {Gawiser et all 
[Bond et al], 2009). The early Milky Way likewise formed 
stars quickly (Smith et all bord [2019). CRs 
were therefore a bigger threat, although the low metallic- 
ity reduced the dust hazard. These galaxies hosted stronger 
(presumably turbulent) magnetic fields associated with their 
intense star formation [Lacki and Thompson [2010). The 
properties of the large high-z SFG in Table [2] represents 
the ultraluminous infrared galaxies (ULIRGs) that domi- 
nated the Universe’s star formation ten billion years ago. 


They had ten times the gas and dust mass as the present 
Milky Way, although generally spread out in thicker disks, 
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and hundreds of times the SFR and CR radiation levels 
(Tacconi et alj |2013, These galaxies were extremely 
clumpy (Genzel et al., , so traversability probably var- 
ied considerably across a galaxy. Overall, high-redshift SFGs 
likely were much less traversable, especially the larger ones. 

Dwarf spheroidals — one of the two main types of small 
ETGs and by far the most numerous. The smallest are the 
ultrafaint galaxies, which can have just a few thousand stars 
(Simon, oid). Dwarf spheroidals are small, low mass, low 
density, and low metallicity (see McConnachid 2012). In the 
largest members of the class, like NGC 205, p, may typically 
reach ~ 0.1 Mo pc~’. The numerous small dwarf spheroidals 
have p, more than order of magnitude sparser than the Solar 
neighborhood, adversely affecting traversability. Their grav- 
itational potential is low enough that practically all neutron 
stars should have escaped long ago. In addition, even a sin- 
gle supernova can unbind the ISM and blow it away, as can 
ram pressure stripping in a large galaxy's halo, although the 
ISM can be replenished by old stars. Dwarf spheroidals near 
the Milky Way and M31 (< 250 kpc) lack any detectable 
gas, while those far from galaxies have low density reservoirs 
of HI gas (Blitz and Robishav 2000 [Crcevich and Potman 
[2009). Without star formation, they also lack CRs and 
magnetic fields, as confirmed by deep radio observations 
jc cul 2015). Dwarf spheroidals are dwarf irregulars 
without the ISM hazards. If the stellar population dominates 
traversability, then all but the largest dwarf spheroidals are 
sub-traversable, but if the ISM is the main barrier to inter- 
stellar travel, they may be even more traversable than the 
Milky Way. But a big question is whether anyone lives in 
them to test this supposed advantage, or whether there is 
even anywhere to go, given the probable dearth of plan- 
ets (and possibly minor bodies). The smallest have mean 
metallicities of 1/300 Solar El Borg), below the pre- 
dicted ~ 1/100 Solar physical threshold for terrestrial planet 
formation (Zackrisson et al] 2019). 

Compact ellipticals — the other main type of small ETGs 
and relatively rare, these probably are the cores of larger 
ETGs that have been stripped of the rest of their stars 
by tides (Chilingarian and Zolotukhi [2015). Their smaller 
cousins (108-108 Mg; 10 pc) are the ultracompact dwarf 
galaxies ane crall oud). The stars are close together, 
and large ones like M32 have moderately high stellar veloc- 
ity dispersions. As the bare cores of ETGs, they could 


have a low density ISM supplied by their old stars. None 
has been detected in Ma2 (Sac, Weich and Mia 
[Welch and Sagd, Boroson, Kim and Fabbiano ; 
Dust should therefore be of little impact despite the high 
metallicity of stars. The combination of high stellar density 
and nearly empty ISM is extremely favorable for interstellar 
travel: these are super-traversable galaxies. 

Fast rotators — the most common type of medium to large 
ETGs 2011), containing a significant frac- 


tion of the Universe’s stellar population. Stellar density is 

strongly peaked towards the nucleus and thus ranges from 

very high to very low (ear. Dehner [199% [Kormendy et all 

oad). The inner kiloparsec of large fast rotators have p, 

tens of times greater than_in the Solar Neighborhood, com- 
ong) 


parable to a red nugget (Bezanson et all, Most stars 
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are probably located further out, where p, is comparable 
to the Solar Neighborhood, however. All but the largest are 
unable to retain the hot gas from their old stars and are X- 
ray faint [Sarzi et al] [2013). 
The presence of a cool ISM depends on galaxy type, with a 
higher prevalence in lenticulars than ellipticals, and environ- 
ment, with 40% of fast rotators in the field but only 10% in 
the Virgo Cluster having HI according to (2012). 
Environment does not seem to affect how often they have 
molecular gas (Serra et al), [2012). Even in most fast rotators 
with a cool ISM, traversability is likely favorable because gas 
and star formation are less abundant than in the Milky Way. 
Those without a cool ISM should be super-traversable. 

Bory ETGs —the largest ETGs, often found in the centers 
of galaxy clusters, with stellar masses an order of magnitude 
bigger than the Milky Way. Because the stars fill a round 
volume with scale length of several kiloparsecs instead of 
being squashed into a disk, the mass-averaged stellar density 
is relatively low, but stellar velocity dispersions are high. 
Like fast rotators, stellar density varies widely from core to 
outskirts — although the density does not rise as sharply in 
the inner regions 2009) it is nonetheless 
very high in the inner kiloparsec (Bezanson et al., [2009). 
The hot ISM reaches a peak density of 0.1 cm"? in the 
core (Mathews and Brighenti — about ten times that 
of the Local Bubble. The ISM density declines away from 
the center, though, and is < 0.01 cm ^? a few kiloparsecs 
out bkuisns a [2006), where most of the stars are. 
By far the largest threat are the occasional radio galaxy 
episodes that can fill these galaxies with high levels of CRs. 
These galaxies may alternate between epochs of moderate or 
high traversability (at least in the denser inner regions) and 
non-traversability. 

Red nuggets — the very compact high mass fast rota- 


tors commonly found in the early Universe (Trujillo et al], 
[2006al), although a small number of examples are known 
at z~0 (rulo ot all [2014). These are very compact 
high mass ETGs. The stars are packed densely and have a 


high velocity dispersion, greatly favoring traversability. X-ray 
studies of one nearby red nugget revealed a large halo of hot 


gas, which becomes quite dense (~ 0.3 cm?) in the inner 
kiloparsec, where most of the stars reside mer 
bor. Thus, gas could impede traversability somewhat in 
these galaxies, possibly offset by the higher density of desti- 
nations and relative lack of dust and CRs. The hot gas may 
fuel radio galaxy episodes. 

Globular clusters — although not galaxies, the conditions 
are different enough from their host galaxy to warrant special 
mention. Globular clusters can be extremely dense, so inter- 
stellar journeys are very short [Di Stefano and Ras [2016). 
Globular clusters do have an ISM, low density (~ 0.1 cm? 
in 47 Tucanae) and in most cases ionized, even though 
it is not clear why there is not much more [Eire et all 
van Loon et all, [2006). Small amounts of dust prob- 
ably accompanies the gas. Some shine in gamma-rays with 
the glow of their pulsars, which might release high energy 
CR electrons and positrons into the ISM, but otherwise 


there should be few CRs (Abdo et alj, |2010b). If they are 
near a SFG like the Milky Way, they could be exposed 
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to its CRs as they escape the galaxy, but very little is 
known about CRs far in the halo (compare the very differ- 


ent models of Breitschwerdt, McKenzie and Voelk/1991) and 
2013). Globular clusters are 
very likely to be super-traversable. 

Galaxy clusters — the largest dark matter halos, of which 
the member galaxies are analogous to satellites. Galaxy 
clusters have their own diffuse population of stars, the intr- 
acluster light (ICL), which is also an outer halo of their 
central bright galaxy (Kluge et al], [2020). These move with 
tremendous velocity dispersions (approaching 1,000 km B ^. 
The stellar density is very low, however, with stars sep- 
arated by ~ 100 pc. In addition, galaxy clusters have 
an intracluster medium (ICM), an all-pervading low den- 
sity 10° K plasma. Its density peaks towards the cluster 
center {Cavalicre and Lapi 2013). The ICM does some- 
times contain CRs, visible as radio “halos” or “relics” 


{van Weeren et all 2019), but the CR energy density is con- 
strained to be less than about one-tenth the Milky Way level 
based on a CR/thermal pressure ratio S; 1% valencia 
. ICM magnetic fields of a few 
microgauss are present, rising to tens of microgauss in the 
hearts of certain cooling core clusters emt 
[2019); these are turbulent fields, but the fluctuation scale is 
so large that they should be easy to account for on interstel- 
lar journeys. The traversability per unit length is favorable 
compared to the Milky Way, but the distance between intr- 
acluster stars increases exposure to the ICM and makes it 
much more likely that internal hazards disrupt a journey. 


Summary 


Overall, and perhaps not too surprisingly, quiescent galaxies 
appear to have the best prospects for interstellar travel, sig- 
nificantly better than the Milky Way. Globular clusters and 
compact ellipticals likely are super-traversable: their ISM is 
minuscule and the density of stars is extremely high. Larger 
compact ellipticals like M32 have the added advantage of 
relatively high stellar velocity dispersions, mixing stellar pop- 
ulations thoroughly and bringing a stream of new potential 
destinations to each sun. But even the majority of ETGs are 
plausibly super-traversable most of the time, with relatively 
dilute ISMs and dense stellar populations near their cores. 
The centers of the largest dwarf spheroidals may also be 
super-traversable, but smaller ones could be sub-traversable 
because of the low p,. SFGs are expected to be relatively poor 
in comparison, although dwarf irregulars with sufficiently 
high p, are somewhat favorable compared to the Milky Way. 
Starbursts and the SFGs of the distant past — including the 
ancient Milky Way — were subtraversable from an ISM stand- 
point, filled with hazards to interstellar travel. The dense 
stellar populations of nuclear starbursts, like those in the 
cores of other galaxies, may aid traversability by shortening 
interstellar trip. 


Traversability and SETI strategy 


Traversability has implications for SETI, as it potentially 
regulates the development of the most technologically pow- 
erful societies detectable from the greatest distances. If 
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self-propagating interstellar settlement possible, a single soci- 
ety originating on a single planet has the potential to spread 
across an entire galaxy, developing into billions within a 
hundred million years. Moreover, these societies can reset- 
tle worlds where ETI society goes extinct, as long as the 


lifespan is not too short (Carroll-Nellenback et al. 
. From our perspective, 
the entire collection of societies would then have an unlimited 
lifespan. 

Two points follow if this is true. First, in a collection of mil- 
lions of societies with diverse values and motivations, there is 
a greater chance that someone at any given time will be inter- 
ested in maintaining a beacon detectable from intergalactic 
distances. Even if these beacons are maintained for only a 
short period (say, a few years) in any given system, another 
society could step up with their own, leading to a steady 
state population of beacons. In contrast, if the Milky Way is 
untraversable, then there may only be a few thousand ETIs 
present at any given time, most of whom may not be inter- 


ested in operating a long-term expensive beacon (c.f., Sagan, 
[Bated Lori 


Second, interstellar propagation might nullify all but the 
strictest habitability concerns. It simply takes one ETI to 
arise and successfully spread across the galaxy to seed mil- 
lions more. So even though low metallicity negatively affects 
habitability in dwarf spherodials, and there conceivably are 
other issues with ETGs, just a few habitable planets may 
suffice if technological intelligence are ubiquitous. In fact, 
this may not matter too much, as compact ellipticals and 
larger ETGs galaxies are both proposed to be favorable 
for habitability (Dayal t all 2015 Stoikovié et all BOL). Te 
might also be the case that powerful ETIs that can manage 
intergalactic journeys might deliberately migrate to uninhab- 
ited but traversable galaxies like dwarf spheroidals, perhaps 
specifically for the isolation. The cores of galaxies are plausi- 
bly also favored for SETI despite the high rate of potentially 


dangerous events, because their high stellar densities enhance 
traversability (c.f, laiar et all 2027). 

Traversability adds another factor to the discussion of 
the Fermi Paradox. One proposed partial solution is that 
the Milky Way was less habitable billions of years ago. 
argues that this could have lead 
to a “phase transition” between an epoch when steriliza- 
tion events inhibit the evolution of ETIs and the recent 
era when ETIs are finally appearing and potentially spread- 
ing. The Milky Way was also less traversable in the distant 
past, with a star-formation rate of about five to ten times 
its present rate (Snaith et al], [2015), suggesting that even 
if ETIs evolved billions of years ago, the stronger radiation 
could have confined them to their homeworlds. However, this 
effect should not be overstated. Even leaving aside the possi- 
bility of shielding, the star-formation rate of the Milky Way 
has not been a steady decline, but fluctuates significantly 
over cosmic time, with an intense episode about 10 Gyr ago 


(Gallart et al], 2019), perhaps even ceasing for about a bil- 
lion years at one point about 8 Gyr ago {Seaith et all Dor 
[Based et all bora. Thus, the Milky Way could have been 
more traversable than at present during low SFR episodes 
billions of years ago. 


Lacki 


Large slow rotator galaxies could have an interesting ana- 
log of the sterilization events invoked in galactic habitability 
discussion. They may have galaxy-wide lockdown events dur- 
ing radio galaxy episodes. At worst, these lockdowns could 
result in the extinction of all the societies as they are unable 
to resettle worlds that have fallen. Even if the ETIs on each 
world are effectively immortal, they may have to alter their 
behavior, relying more on remote communication through 
radio or optical broadcasts instead of direct visitation. 

'The galactic environment could shape which technologies 
are used for interstellar travel, favoring those with fewer 
traversability hazards. This would suggest a kind of negative 
technological feedback that compensates for traversability 
differences. Yet it also suggests that the details of the *prop- 
agation" of ETIs through space could vary from galaxy to 
galaxy, with implications for models of this diffusion (c.f., 
[S76 [Casroll-Nellenback et all 2019). Traversability 
also plays a more conventional role for SETI even if set- 
tlement over interstellar distances is impractical. There is 
a long-standing debate about whether ETIs would contact 
their neighbors by electromagnetic broadcasts or by instead 
sending physical artifacts or probes (e.g., [Bracewell 
[Rose aad Wiiehd [2004). Traversable galaxies could inspire 
their ETIs to develop probe technology instead of electro- 
magnetic broadcasts without increasing the number of ETIs 
if crewed interstellar flight is impractical, depriving us of 
technosignatures. However, ETIs who are deliberately trying 
to signal their extragalactic peers presumably would employ 
contact methods that are readily detectable at great distance. 

Finally, traversability can introduce percolation effects in 
the propagation of ETIs, particularly in SFGs. The tur- 
bulent, multiphase ISM will make travel easier for some 
worlds and along some routes than others. As with the 
older culturally-driven percolation hypothesis, though, mix- 
ing within galaxies will open up new paths over time, 
preventing permanent containment of propagation. 


Summary and Outlook 


Galactic traversability describes how difficult interstellar 
travel is in a galaxy. Traversability is a potential limiting fac- 
tor in the development of galaxy-wide societies that would 
stand out from afar. In this paper, I motivated both the stel- 
lar population and the ISM of a galaxy as contributing or 
hampering starfaring. After reviewing our current knowledge 
about various types of galaxies, I concluded that quiescent 
galaxies are on the whole likely to be more traversable than 
the Milky Way, although they are not entirely free of haz- 
ards. Compact ellipticals like M32 are judged to have the 
highest traversability, being dense, high dispersion stellar 
systems with very little ISM. While there is some overlap 
between habitable galaxies and traversable galaxies, par- 
ticularly for medium/large quiescent galaxies and possibly 
compact ellipticals, some potentially traversable galaxies like 
larger dwarf spheroidals have poor habitability. As long as 
a single starfaring ETI evolves in (or reaches) these low- 
habitability galaxies, these galaxies may become populated 
anyway and could be good SETI targets. 


Galactic Traversability 


Most SETI programs have focused on the Milky Way, 
but targeted extragalactic campaigns have covered the 
SMC ( 1996), M31, and M33 


Gray and Mooley, (2017). None of these galaxies are obvi- 
ously super-traversable, but they all have some favorable 
aspects: the SMC has less dust, and all three have lower CR 
backgrounds (Abdo et al], [Ackermann et al], [2017). 
The most comprehensive targeted campaign of other galaxies 
is the Breakthrough Listen nearby galaxies survey. It specifi- 
cally targets several morphological classes of galaxies, includ- 
ing twenty dwarf spheroidals and forty-three large early-type 
galaxies (many of the latter in the Virgo Cluster, and thus 


likely to be gas poor), thus providing a relatively large sample 
of super-traversable galaxies imeem bot. Several 
more are in the Breakthrough Listen Exotica Catalog, along 
with some globular clusters and galaxy clusters 
[2020). M32, the only proper compact elliptical in the Local 
Group, partly overlaps the survey 
of M31 and will be covered by the Breakthrough Listen 
survey of M31 (Li et al], [2020). 

Traversability can also be a consideration when searching 


for Kardashev Type III societies, as it may be a limit- 
ing factor in their development. Some searches for these 


ETIs have focused on star-forming spiral galaxies (e.g., 
Zackrisson et al], [Garretd , but quiescent galax- 


ies may have better prospects. The Fundamental Plane of 
ETGs can aid the search for cloaked stellar populations 
(Annis,[1999). Waste heat surveys should have detected large 
cloaked quiescent galaxies (Gth et all 2015), but limits 
on cloaked dwarf galaxies and globular clusters are currently 
weak (e.g., Lacki, [2010); deeper surveys of galaxy clusters 
could be useful. 

Future avenues for theoretical research include study of 
percolation effects due to ISM conditions, and the effects 
of radio galaxy lockdowns in large slow rotator galaxies. 
Of course, the greatest theoretical uncertainty is whether 
traversability applies at all, or if the concerns are overcome 
through adaptation. For example, large “worldships” with 
extensive shielding may be immune to dust and CRs. Some of 
the ^hazards" could even be turned into advantages — dense 
gas could be harvested for propellant, and ionized gas can be 
used to brake with a magnetic sail. 

Although most of an interstellar craft's time is spent 
far from stars, some technologies are subject to stellar- 
level traversability effects. The different luminosities of 
stellar objects affects the performance of solar sail type 
craft (Lingam and Loch} 2020. Heller, Hinke and Kervella 
(2017) explored how stars of different luminosity and mass 
could be used for braking or maneuvering. Different types 
of stars have different stellar wind parameters, varying the 
performance of magnetic and electric sails. Interplanetary 
traversability no doubt is also affected by the architecture 


of planetary systems, with shorter travel times in compact 
systems commonly found around red dwarfs 
2013} see also similar considerations about panspermia in 
pid edes 2017). 


If the presence of an ISM is an important factor for 
traversability, the forecast for starfarers is bright. As gas 
and star formation continues to decline, the ISM of galaxies 
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should become more traversable. This is an erratic process, 
with bursts and respites in star formation over billions of 
years. Over tens of billions of years, the Local Group should 
coalesce into a single elliptical galaxy. Depending on whether 
the Milky Way's descendant retains enough of a hot atmo- 
sphere to fuel radio galaxy episodes, interstellar space could 
be cleared of hazards. Of course, if ETIs favor using RAIR 
propulsion, traversability decreases with time; either a new 
propulsion method would be needed in this distant epoch or 
interstellar travel will cease. The Galaxy's c, should increase 
through secular processes and then the merger with M31, 
although o, could decrease to roughly compensate it in 
terms of traversability. Ironically, even if interstellar travel 
becomes easier, intergalactic travel is becoming harder due 
to the accelerating cosmic expansion (Heyl, boog). Trillions 
of years from now, the descendants of galaxies in today’s 
galaxy clusters may still be more traversable than the fossil 
Local Group, simply because there will be more places to go 
in their cosmic horizon. 
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